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ABSTRACT
Under the hypothesis that Mg II absorbers found near the minor axis of a disc galaxy originate
in the cool phase of supergalactic winds, we carry out a study to constrain the properties of
large-scale galactic outflows at redshift zgal  0.5 based on the observed relative motions of
individual absorbing clouds with respect to the positions and orientations of the absorbing
galaxies. We identify in the literature four highly inclined disc galaxies located within 50 kpc
and with the minor axis oriented within 45◦ of a background quasi-stellar object (QSO)
sightline. Deep Hubble Space Telescope images of the galaxies are available for accurate
characterizations of the optical morphologies of the galaxies. High-quality echelle spectra
of the QSO members are also available in public archives for resolving the velocity field of
individual absorption clumps. Three galaxies in our sample are located at ρ = 8–34 kpc and
exhibit strong associated Mg II absorption feature with Wr(2796)  0.8 ˚A. One galaxy, located
at an impact parameters ρ = 48 kpc, dose not show an associated Mg II absorber to a 3σ limit
of Wr(2796) = 0.01 ˚A. Combining known morphological parameters of the galaxies such
as the inclination and orientation angles of the star-forming discs, and resolved absorption
profiles of the associated absorbers at ρ < 35 kpc away, we explore the allowed parameter
space for the opening angle θ0 and the velocity field of large-scale galactic outflows as a
function of z-height, v(z). We find that the observed absorption profiles of the Mg II doublets
and their associated Fe II series are compatible with the absorbing gas being either accelerated
or decelerated, depending on θ0, though accelerated outflows are a valid characterization only
for a narrow range of θ0. Under an acceleration scenario, we compare the derived v(z) with
predictions from Murray et al. and find that if the gas is being accelerated by the radiation and
ram pressure forces from super star clusters, then the efficiency of thermal energy input from
a supernova explosion is   0.01. In addition, we adopt a power-law function from Steidel
et al. for characterizing the accelerated outflows as a function of z-height, a(z) ∝ z−α . We find
a steep slope of α ≈ 3 for a launch radius of zmin = 1 kpc. A shallower slope of α ≈ 1.5 would
increase zmin to beyond 4 kpc. We discuss the implications of these parameter constraints.
Key words: galaxies: evolution – galaxies: general – galaxies: haloes – quasars: absorption
lines – galaxies: star formation – galaxies: structure.
1 IN T RO D U C T I O N
Supergalactic winds are considered a promising mechanism to eject
metals into the circumgalactic and intergalactic media (e.g. Aguirre
et al. 2001; Cen, Nagamine & Ostriker 2005; Oppenheimer & Dave´
2006; Pieri, Martel & Grenon 2007; Dave´ et al. 2010). Galactic-
scale outflows are observed through a variety of techniques and
diagnostics, including detections of blueshifted self-absorption in
Na I λλ 5890,5896 (e.g. Heckman et al. 2000; Rupke & Veilleux
E-mail: jrg@astro.caltech.edu (J-RG); hchen@oddjob.uchicago.edu
(H-WC)
2005; Rupke, Veilleux & Sanders 2005) or in Mg II λλ2796, 2803
doublet transitions (e.g. Tremonti, Moustakas & Diamond-Stanic
2007; Martin & Bouche´ 2009; Weiner et al. 2009; Rubin et al.
2010), and resolved morphologies of hot plasma associated with
supernova-driven winds (e.g. Veilleux, Cecil & Bland-Hawthorn
2005). While the observed outflow speed extends up to 600–
1000 km s−1 (e.g. Rupke & Veilleux 2005; Rupke et al. 2005; Weiner
et al. 2009), starburst-driven winds have not been directly detected
beyond ∼15 kpc from nearby star-forming regions (e.g. Heckman
2002; Rubin et al. 2011).
At the same time, observations of close quasi-stellar object
(QSO)–galaxy and galaxy–galaxy pairs have revealed chemically
enriched circumgalactic medium out to 100 kpc projected distances
C© 2012 The Authors
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
Empirical constraints of supergalactic winds 1953
through absorption features imprinted in the spectra of background
objects (e.g. Chen, Lanzetta & Webb 2001a; Adelberger et al.
2005; Chen et al. 2010a; Steidel et al. 2010). Although there is
a lack of observational evidence to physically connect outflows that
produce blueshifted self-absorption in star-forming galaxies with
metal-enriched absorbers found at 10–100 kpc along transverse di-
rections, starburst-driven outflows remain as the leading scenario for
explaining the presence of metal-enriched absorbing clouds at large
projected distances (e.g. Oppenheimer, Dave´ & Finlator 2009). In
particular, many groups have attempted to connect strong metal-
line absorbers such as Mg II of rest-frame absorption equivalent
width Wr(2796)  1 ˚A with star-forming galaxies (e.g. Bond et al.
2001; Zibetti et al. 2007; Chelouche & Bowen 2010; Kacprzak &
Churchill 2011; Nestor et al. 2011; Matejek & Simcoe 2012; but see
Chen et al. 2010b; Gauthier & Chen 2011 for different empirical
findings). A key result of these various studies is that star-forming
galaxies at redshift zgal ∼ 1 appear to show enhanced Mg II ab-
sorption1 at projected distances 50 kpc along the minor axis (e.g.
Bordoloi et al. 2011), suggesting that outflows may be a dominant
contributor to the observed Mg II absorbers at least within 50 kpc of
star-forming regions.
Recent analytic works have examined different physical mecha-
nisms that could drive supergalactic winds (e.g. Murray, Quataert
& Thompson 2005; Murray, Me´nard & Thompson 2011). In
Murray et al. (2011), the authors propose that radiation pressure
from massive star clusters can drive outflows at velocities greater
than the galaxy circular velocity. Once the outflowing material
reaches above the star-forming disc, it is exposed to both radia-
tion from other star-forming regions and hot gas from supernova
bubbles originated in the parent galaxy. According to this model,
the combination of the radiation and ram pressure forces can accel-
erate and drive outflows to ∼50–100 kpc away. Such mechanisms
can be particularly efficient in low-mass galaxies undergoing strong
episodes of star formation activities like M82.
Under the hypothesis that Mg II absorbers originate in supergalac-
tic winds, empirical constraints for the geometry and dynamics of
outflows can be obtained based on comparisons of line-of-sight gas
kinematics and spatial orientation of the star-forming disc. Specif-
ically, in the local universe large-scale galactic outflows are com-
monly found to follow a bi-conical pattern along the rotation axis of
the star-forming disc (e.g. Heckman et al. 2000) with a varying de-
gree of collimation, typically 10◦–45◦ (Bland-Hawthorn, Veilleux
& Cecil 2007). In this paper, we test the superwind hypothesis of the
origin of Mg II absorbers and derive constraints for starburst-driven
outflows using pairs of QSOs and highly inclined disc galaxies
found at zgal = 0.2–0.9. We have identified in the literature four
highly inclined disc galaxies located within 50 kpc and with the mi-
nor axis oriented within 45◦ of a background QSO sightline. Deep
Hubble Space Telescope (HST) images of the galaxies are avail-
able in the HST data archive for accurate characterizations of the
optical morphologies of the galaxies. High-quality echelle spectra
of the QSO members are available in public archives for resolving
the velocity field of individual absorption clumps. We construct a
conical outflow model and apply the observed gas kinematics to
constrain the velocity gradient along the polar axis of each galaxy.
We compare the results of our analysis with different model pre-
1 The use of Mg II absorbers is mostly practical, because at z  0.4 the
doublet transitions are redshifted into the optical window where QSO and
galaxy spectra are recorded and because these transitions are strong.
dictions (e.g. Steidel et al. 2010; Murray et al. 2011) and identify a
plausible range for various model parameters.
This paper is organized as follows. In Section 2, we describe
the data and observational techniques. A description of the conic
outflow model for describing the wind geometry is presented in
Section 3. In Section 4, we present the derived constraints of the
outflow model for individual galaxies. We compare the results of
our study with predictions of analytical models in Section 5. We
adopt a 	 cosmology with 
M = 0.3 and 
	 = 0.7, and a Hubble
constant H0 = 70 km s−1 Mpc−1 throughout the paper. All distances
are in proper rather than comoving units unless otherwise stated.
2 O B S E RVAT I O NA L DATA A N D A NA LY S I S
To obtain empirical constraints for starburst-driven outflows, we
searched the literature and identified a small sample of close (pro-
jected distances ρ < 50 kpc) QSO and galaxy pairs for which the
discs have an inclination angle i0 > 60◦ and a position angle of the
major axis α > 45◦ (or minor axis <45◦) from the QSO sightline.
These selection criteria ensure that the QSO sightline probes the
regions near the polar axis.
Our search yielded four QSO and galaxy pairs. A summary of the
physical properties of the galaxies is presented in Table 1, including
galaxy redshift (zgal), projected distance (ρ) to the QSO sightline,
rest-frame absolute B-band magnitude (MB), inclination (i0) and
position angles (α) of the star-forming disc and, when available,
the rest-frame equivalent width of [O II] emission line [Wr([O II])].
Unfortunately, no measurement of ongoing star formation rate is
available for any of the galaxies in the sample. We also present in
Table 1 the properties of the corresponding Mg II absorber, including
the mean absorption redshift (zMg II) and total rest-frame absorption
equivalent width [Wr(2796)]. In the absence of a Mg II absorption
feature, we place a 3σ upper limit to Wr(2796).
Deep optical HST images obtained using the Wide Field and
Planetary Camera 2 (WFPC2) and the F702W filter are available for
all four galaxies in the HST data archive. Morphological parameters
of galaxies A and B in the field around 3C 336 were adopted from
Chen et al. (1998, 2001b). Galaxy C in the field around LBQS
0058+0155 is heavily blended with the background QSO light. We
adopted the inclination angle estimated by Pettini et al. (2000) and
determine the position angle of the inclined disc ourselves. Galaxy
D in the field around Q0827+243 has not been studied before.
We retrieved the imaging data and determined the morphological
parameters by performing a two-dimensional surface brightness
profile analysis ourselves.
Echelle spectra of 3C 336 and Q0827+243 were obtained using
the Ultraviolet and Visual Echelle Spectrograph (UVES; D’Odorico
et al. 2000) on Very Large Telescope (VLT)-UT2 and was retrieved
from the European Southern Observatory (ESO) data archive. The
observations of 3C 336 (program ID 069.A-0371, PI: Savaglio) and
Q0827+243 (program ID 068.A-0170) were carried out using a
1-arcsec slit, dichroic #1 and cross-disperser CD#1, yielding a
spectral resolution of full width at half-maximum (FWHM) ≈
7.5 km s−1. A sequence of three exposures of 4900 s each were
obtained for 3C 336 and a sequence of four exposures of 3600-s
duration were obtained for Q0827+243. The data were binned 2 ×
2 during readout. The spectra were processed and calibrated using
the standard UVES reduction pipeline.
Echelle spectra of LBQS 0058 + 0155 were retrieved from the
Keck HIRES KOA archive. The observations of LBQS 0058 + 0155
(program ID C99H, PI: Steidel) were obtained using a 0.9 arcsec
slit (Deck C1) and the ultraviolet (UV) cross-disperser that offer a
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Table 1. Properties of sample galaxies and the associated Mg II absorbers.
ρ i0 α Wr([O II]) Wr(2796) c
QSO Galaxy zgal (kpc) MB (◦) (◦) ( ˚A) Ref a zMg II b ( ˚A)
3C 336 A 0.4721 33.6 −19.0 74 96.8 1,3 0.4715 0.82 ± 0.07
B 0.8909 23.3 −20.3 81 124.1 ≈ −13.4 1,3 0.8907 1.53 ± 0.05
LBQS 0058+0155 C 0.6120 7.9 −18.4 65 113 −2.6 ± 1.1 3,5 0.6126 1.67 ± 0.01
Q0827+243 D 0.199 48.4 −19.9 85 86.3 4 0.199 <0.01
a(1) Steidel et al. (1997); (2) Chen et al. (2001a); (3) Chen, Kennicutt & Rauch (2005); (4) Steidel et al. (2002); (5) Pettini et al.
(2000).
bWe adopt a mean absorption redshift as the redshift of the absorber.
cTotal rest-frame absorption equivalent width summed over all components.
spectral resolution of FWHM ≈ 6 km s−1. A sequence of two expo-
sures of 3600 s each were taken. The data were binned 2 × 2 during
readout. The spectra were processed through the MAKEE reduction
pipeline, a reduction code tailored to handle HIRES data.2 The prod-
uct of MAKEE consists of individual echelle orders, corrected for the
blaze function, vacuum wavelengths and heliocentric velocities.
Individual spectra were combined to form a final stacked spec-
trum per QSO, excluding deviant pixels, which was then continuum
normalized based on a low-order polynomial fit to regions in the
QSO spectrum that are free of narrow absorption lines. These final
combined spectra were used to examine the kinematic signatures of
Mg II absorbers and those of associated metal-line transitions such
as Fe II and Mn II absorption at the redshift of each galaxy listed in
Table 1. The high spectral resolution and high signal-to-noise ratio
(S/N) QSO spectra allow us to resolve individual absorption compo-
nents and determine accurate velocity centroids of these individual
clumps.
3 A C O N I C A L O U T F L OW MO D E L
Under the hypothesis that strong Mg II absorbers uncovered near the
polar axis of a star-forming galaxy are produced in supergalactic
winds, here we develop a simple conical outflow model to charac-
terize the geometry and kinematics of the outflowing gas. Specifi-
cally, we assume that the observed Mg II absorbers originate in the
photoionized, cool phase (with temperature T ∼ 104 K) of conical
outflows which follow the path of least resistance along the polar
axis.
The conical outflow model is illustrated in Fig. 1, which shows
the relative orientations of the inclined disc and the outflows with
respect to the QSO line of sight. The collimated outflow, originated
at the centre of the star-forming disc, is characterized by an outward
expanding cone along the polar axis z with a total angular span of
2 θ0, and the size of the outflowing disc s at z is s = z tan θ0. The star-
forming disc (at z = 0) marked by the grey circle is inclined from the
line of sight z′ by i0 degrees. The projection of the star-forming disc
on the plane of the sky (the x ′−y ′ plane) is shown in light blue with
the major axis oriented at a position angle α from the QSO line of
sight, which is at projected distance ρ. The QSO sightline intercepts
the conical outflows at a vertical disc height z from z1 to z2, which
is determined by the opening angle θ0. The projected distances
[1,2] between the outflow discs at z[1,2] and the QSO sightline are
related to z[1,2] according to s[1,2] = [1,2]
√
1 + sin2 φ[1,2] tan2 i0 =
z[1,2] tan θ0, where φ[1,2] are the position angles of the projected
2 http://spider.ipac.caltech.edu/staff/tab/makee/
outflow discs at z[1,2] (see Fig. 1) and are constrained by
tan φ[1,2] = ρ sin α − z[1,2] sin i0
ρ cos α
. (1)
Applying the law of sines, which relates ρ and  following
ρ
sin(3π/2 − φ) =

sin(α − π/2) (2)
the relation between (z1,z2) and the opening angle θ0 is then formu-
lated according to the following,
z[1,2] tan θ0 = ρ
√
1 + sin2 φ[1,2] tan2 i0
(
cos α
cos φ[1,2]
)
, (3)
where i0 and α are the inclination and orientation angles of the
star-forming disc.
Equations (1) and (3) can be generalized to calculate the appro-
priate θ for any given point along the QSO line of sight at z-height
z1 ≤ z ≤ z2 (the top right-hand panel of Fig. 1). For an absorbing
clump moving outwards at z-height, the outflow speed v is then
related to the observed line-of-sight velocity vlos according to
v = v los / cos i, (4)
where
i = sin−1
(
ρ
z
cos θ
)
(5)
and θ ≤ θ0.
For our study, i0, α and ρ are known from HST imaging data
of the galaxies, and θ0, which is unknown, uniquely determines
the minimum and maximum z-height, z1 and z2 in the outflows as
probed by the QSO sightline. Here we assume that the cool gas
producing the observed absorption features is distributed symmet-
rically around the polar axis and the absorbing clumps at z1 and
z2 probe regions close to the front and back side of the conical
outflows. This is consistent with the outflow morphologies seen in
local starburst galaxies (see Cooper et al. 2008 for a more detailed
discussion). The goal of our study is to explore a plausible range
of θ0 and examine how the velocity of outflowing gas varies with
z-height. We note that if asymmetry arises due to inhomogeneities
in the outflows, then the inferred velocity gradient (see Section 5.1)
represents a lower limit to the intrinsic outflow velocity field.
4 E M P I R I C A L C O N S T R A I N T S
O F I N D I V I D UA L G A L A X I E S
Using the geometric model developed in Section 3 for conical out-
flows, we proceed with kinematic studies of individual galaxies. For
each galaxy, we take into account its known optical morphology
from HST images, which determines the orientation of the conical
C© 2012 The Authors, MNRAS 424, 1952–1962
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Figure 1. Left: cartoon illustrating the conical outflow model in our study. In this viewing angle, the QSO line of sight runs in parallel to the z′-axis, while the
x′−y′ plane represents the plane of the sky. The star-forming disc is indicated by the grey circle and is inclined from the z′-axis by i0 degrees. The projected disc
on the plane of the sky is shown by the light blue ellipse oriented at a position angle of α from the QSO sightline, which is at projected distance ρ. The conical
outflows follow the path of least resistance along the polar axis (z) with a total angular span of 2θ0. The solid ellipses along the conical outflows mark the discs
at constant z-height in the outflows, with their projection on the plane of the sky indicated by the corresponding light grey ellipses in the x′−y′ plane. The QSO
line of sight enters the outflows at z1 and exits at z2 (>z1). The size of the outflowing disc at z[1,2] is s[1,2] = z[1,2] tan θ0. The projected distances between the
outflow discs at z[1,2] and the QSO sightline are marked by [1,2], which are related to z[1,2] according to s[1,2] = [1,2]
√
1 + sin2 φ[1,2] tan2 i0 = z[1,2] tan θ0.
Right: viewing the conical outflows in different projections. The panels show the impact geometry of the QSO sightline when looking straight down the
collimated outflows (top), when looking from a side (middle) and when projected on the sky (bottom). The QSO line of sight is marked in green with the path
inside the outflows highlighted in red dots. The blue arrows indicate the moving direction of the outflowing gas at an angle θ from z.
outflows. We measure the line-of-sight velocity field of the outflows
based on the resolved absorption components at the redshift of the
galaxy observed in the echelle spectra of the background QSO.
To measure the velocity field, we first search in the QSO echelle
spectra for all absorption transitions that are associated with the
galaxy. These include, in addition to the Mg II absorption doublets,
the Fe II absorption series, Mn II and Mg I absorption transitions. We
then perform a Voigt profile analysis that considers all the observed
absorption features at once, using the VPFIT3 software package. We
consider the minimum number of components required to deliver
the best χ2 in the Voigt profile analysis. Finally, we establish the
observed line-of-sight velocity in the outflows by comparing the
relative velocities of individual absorption component with the sys-
temic redshift of the galaxy.
3 http://www.ast.cam.ac.uk/ rfc/vpfit.html
Assuming that the outflow velocity field is characterized by a
smooth velocity gradient with the distance from the star-forming
disc, we can then obtain a unique mapping between the observed
velocity components and the corresponding z-heights in the conical
outflow model. The observed relative motions of individual absorb-
ing clumps along the QSO sightline, when deprojected along the
polar axis according to equations (4) and (5) for a plausible range
of θ0, constrain the outflow velocity field as a function of z-height,
v(z), that can be compared directly with model predictions (e.g.
Martin & Bouche´ 2009; Steidel et al. 2010; Murray et al. 2011).
We describe the results of our analysis of individual galaxies in the
following sections.
4.1 Galaxy A at z = 0.472 in the field around 3C 336
Galaxy A in the field around 3C 336 (zQSO = 0.927) was spec-
troscopically identified at zgal = 0.4721 ± 0.0002 by Steidel et al.
C© 2012 The Authors, MNRAS 424, 1952–1962
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Figure 2. Line-of-sight velocity distribution of absorbing clouds at pro-
jected distance ρ = 34 kpc of Galaxy A at zgal = 0.472 with α = 96.◦8 and
i0 = 74◦. The QSO echelle spectra cover absorption transitions due to Fe II,
Mn II, Mg II and Mg I at the redshift of the galaxy. The absorption profiles
are shown in individual spectral panels. We observe strong absorption in
Fe II and Mg II, but not in Mn II or Mg I transitions. In each spectral panel,
the absorption spectrum is shown in solid histogram with the 1σ error spec-
trum shown in thin cyan histograms. Zero velocity in each spectral panel
corresponds to the systemic redshift of the galaxy at zgal = 0.4721. Con-
taminating features are dotted out. A Voigt profile analysis of the observed
Fe II and Mg II absorption profiles yields a minimum of eight individual ab-
sorption components and a reduced χ2 of χ2r = 1.1. The best-fitting model
absorption profiles are shown in red curves and the positions of individual
components are also marked by tick marks at the top of individual panels.
The total rest-frame Mg II absorption equivalent width over all observed
components is Wr(2796) = 0.8 ˚A. The absorbing clumps display relative
line-of-sight motions ranging from vlos = −54.8 to vlos = −143.7
km s−1 with respect to the systemic redshift of the galaxy. The absorbing
galaxy is located in the lower right corner of the image panel. The back-
ground QSO and additional spectroscopically identified galaxies are also
marked.
(1997). The galaxy is at projected distance ρ = 33.6 kpc from the
QSO line of sight. Chen et al. (1998, 2001b) analysed available
HST WFPC2 images of the field (top right-hand panel of Fig. 2)
and measured α = 96.◦8 and i0 = 74◦ for the disc (Table 1). The
echelle spectra of the QSO cover a wavelength range that allows
observations of Fe II, Mn II, Mg II and Mg I absorption at the red-
shift of the galaxy. The absorption profiles are shown in individual
spectral panels of Fig. 2. We detect strong absorption complex in
Fe II and Mg II, but not in Mn II or Mg I transitions. A Voigt pro-
file analysis that simultaneously takes into account the observed
Fe II and Mg II absorption profiles yields a minimum of eight indi-
vidual absorption components and χ2r = 1.1. The total rest-frame
Mg II absorption equivalent width over all observed components
is Wr(2796) = 0.8 ± 0.1 ˚A. The absorbing clumps display rela-
tive line-of-sight motions ranging from vlos = −54.8 to vlos =
−143.7 km s−1 with respect to the systemic redshift of the galaxy.
Fig. 2 shows that the cool gas probed by the Mg II absorption
transitions is entirely blueshifted with respect to the star-forming
disc with a total line-of-sight velocity spread of ≈90 km s−1. Given
that the galaxy is oriented at a position angle of α = 96.◦8 from the
QSO line of sight, we note that in order for outflows to be respon-
sible for the observed absorption features in the QSO spectrum the
Figure 3. Allowed parameter space for the z-heights (top panels) and de-
projected velocities (bottom panels) of individual absorbing components
observed in Fig. 2 versus allowed opening angle θ0. The minimum and
maximum allowed θ0 are constrained by the relative orientation and align-
ment of the star-forming disc with respect to the QSO sightline. As shown
in Fig. 2, the galaxy is oriented at a position angle of α = 96.◦8 from the
QSO line of sight. In order for outflows to be responsible for the observed
absorption features in the QSO spectrum, the minimum allowed opening
angle is θ0  6.◦5. In addition, all absorbing clumps are found blueshifted
from the systemic redshift of the galaxy. Given that the galaxy has a in-
clination angle of i0 = 74◦, the lack of redshifted absorbing components
constrains the opening angle at θ0  16◦. If we further assume that the
line-of-sight velocity increases smoothly from z1 (where the QSO sightline
enters the conical outflows) to z2 (where the QSO sightline exits the conical
outflows), we find that the outflows can only be accelerating if θ0  10◦.
Beyond θ0 ≈ 10◦, the absorbing clump at z1 would have to move faster
that the absorbing clump at z2 in order to produce the observed line-of-sight
velocity of v1los = −54.8 km s−1, in which case the outflows would be
decelerating as the gas moves further away from the star-forming disc.
opening angle must exceed θ0 ≈ 6.◦5. Furthermore, the galaxy has a
inclination angle of i0 = 74◦, and therefore the lack of redshifted ab-
sorbing components constrains the opening angle at θ0  16◦. The
minimum and maximum allowed θ0 are completely constrained by
the relative orientation and alignment of the star-forming disc with
respect to the QSO sightline.
For a given θ0, we determine the z-height at which the QSO
sightline enters (z1) and exits (z2) the conical outflows. If we further
assume that the line-of-sight velocity increases smoothly from z1 to
z2, we can calculate the appropriate range of deprojected velocities
(v1 and v2) probed by the QSO sightline following the framework
outlined in Section 3. The results are presented in Fig. 3. Our cal-
culations show that the outflows would be accelerating if θ0  10◦.
Beyond θ0 ≈ 10◦, an absorbing clump at z1 would have to move
faster than an absorbing clump at z2 in order to produce the observed
line-of-sight velocity of v1los = −54.8 km s−1, in which case the
outflows would be decelerating as the gas moves further away from
the star-forming disc. It is straightforward to show that if we assume
decreasing line-of-sight velocity from z1 to z2, then the outflows can
only be decelerating over the full range of allowed θ0.
4.2 Galaxy B at z = 0.891 in the field around 3C 336
Galaxy B in the field around 3C 336 (zQSO = 0.927) was spectro-
scopically identified at zgal = 0.8909 ± 0.0002 by Steidel et al.
(1997). The galaxy is at projected distance ρ = 23.3 kpc from the
C© 2012 The Authors, MNRAS 424, 1952–1962
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Figure 4. Line-of-sight velocity distribution of absorbing clouds at pro-
jected distance ρ = 23 kpc of Galaxy B at zgal = 0.891 with α = 124.◦1 and
i0 = 81◦. We observe strong absorption in Fe II and Mg II transitions. Mn II
and Mg I absorption features are also detected at the redshift of the galaxy,
but are weak. Zero velocity in each spectral panel corresponds to the sys-
temic redshift of the galaxy at zgal = 0.8909. A Voigt profile analysis of all
the observed absorption features together yields a minimum of 14 individual
absorption components and χ2r = 1.1. The total rest-frame Mg II absorp-
tion equivalent width over all observed components is Wr(2796) = 1.5 ˚A.
The absorbing clumps display relative line-of-sight motions ranging from
vlos = +42.2 to vlos = −147.2 km s−1 with respect to the systemic
redshift of the galaxy. The absorbing galaxy is located to the left of the QSO
in the image panel.
QSO line of sight. Chen et al. (1998, 2001b) analysed available
HST WFPC2 images of the field (top right-hand panel of Fig. 4)
and measured α = 124.◦1 and i0 = 81◦ for the disc (Table 1). The
echelle spectra of the QSO cover a wavelength range that allows
observations of Fe II, Mn II, Mg II and Mg I absorption at the red-
shift of the galaxy. The absorption profiles are shown in individual
spectral panels of Fig. 4. We detect strong absorption complex in
Fe II and Mg II transitions. Mn II and Mg I absorption features are
also detected, but are weak. A Voigt profile analysis that takes into
account all the observed absorption transitions yields a minimum
of 14 individual absorption components and χ2r = 1.1. The to-
tal rest-frame Mg II absorption equivalent width over all observed
components is Wr(2796) = 1.53 ± 0.05 ˚A. The absorbing clumps
display relative line-of-sight motions ranging from vlos = +42.2
to vlos = −147.2 km s−1 with respect to the systemic redshift of
the galaxy.
Fig. 4 shows that the cool gas probed by the Mg II absorption
transitions exhibits both blueshifted and redshifted motion with
respect to the star-forming disc with a total line-of-sight velocity
spread of ≈190 km s−1. Following the discussion for Galaxy A in
Section 4.1, the position angle of the galaxy α = 124.◦1 from the
QSO line of sight requires that the opening angle be greater than
θ0 ≈ 35◦ in order for outflows to be responsible for the observed
absorption features in the QSO spectrum. However, the presence
of both the blueshifted and redshifted components along the QSO
sightline provides little constraint for the maximum opening angle
of the outflow. We place a limit at θ0 ≈ 78◦, beyond which because
the inferred z-height blows up to unrealistic values.
Following the discussion in Section 4.1, we can calculate the
allowed values for the z-height and deprojected velocity of the
Figure 5. Allowed parameter space for the z-heights (top panels) and de-
projected velocities (bottom panels) of individual absorbing components
observed in Fig. 4 versus allowed opening angle θ0. The minimum allowed
θ0 is constrained by the relative orientation of the star-forming disc with
respect to the QSO sightline. As shown in Fig. 4, the galaxy is oriented at a
position angle of α = 124.◦1 from the QSO line of sight. In order for outflows
to be responsible for the observed absorption features in the QSO spectrum,
the minimum allowed opening angle is θ0  35◦. The presence of both the
blueshifted and redshifted components along the QSO sightline provides
little constraint for the maximum opening angle of the outflow. We place a
limit at θ0 ≈ 78◦, beyond which the QSO sightline would be completely
enclosed within the outflows. Assuming an increasing line-of-sight veloc-
ity from z1 to z2 leads to deceleration for θ0  38.◦2 and acceleration for
larger θ0.
outflows from Galaxy B by assuming that the line-of-sight velocity
increases smoothly from z1 to z2. The results are presented in Fig. 5.
Different from Galaxy A, our calculations show that the outflows
from Galaxy B would be decelerating if θ0  38.◦2. Beyond θ0
≈ 38.◦2, an absorbing clump at z1 would be moving at a lower
velocity than those at z2 in order to produce the observed line-of-
sight velocity of v1los = +42.2 km s−1. In this case, the outflows
would be accelerating as the gas moves further away from the star-
forming disc for a broad range of θ0. Similar to Galaxy A, it is
straightforward to show that if we assume decreasing line-of-sight
velocity from z1 to z2, then the outflows can only be decelerating
over the full range of allowed θ0.
4.3 Galaxy C at z = 0.612 in the field around
LBQS 0058 + 0155
Galaxy C in the field around LBQS 0058 + 0155 (zQSO = 1.954)
was spectroscopically identified at zgal = 0.6120 ± 0.0002 by Chen
et al. (2005). The galaxy is at projected distance ρ = 7.9 kpc from
the QSO line of sight. Pettini et al. (2000) analysed available HST
WFPC2 images of the field (top right-hand panel of Fig. 6) and es-
timated i0 ≈ 65◦ for the disc (Table 1). We analysed the images our-
selves and estimated α = 113◦. The echelle spectra of the QSO cover
a wavelength range that allows observations of Fe II, Mn II, Mg II and
Mg I absorption at the redshift of the galaxy. The absorption profiles
are shown in individual spectral panels of Fig. 6. We detect a strong
absorption complex in Fe II, Mn II, Mg II and Mg I transitions. A Voigt
profile analysis that takes into account all the observed absorption
profiles yields a minimum of 11 individual absorption components
and χ2r = 1.1. The total rest-frame Mg II absorption equivalent
width over all observed components is Wr(2796) = 1.67 ± 0.01 ˚A.
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Figure 6. Line-of-sight velocity distribution of absorbing clouds at pro-
jected distance ρ = 8 kpc of Galaxy C at zgal = 0.612 with α = 113◦ and
i0 = 65◦. We observe strong absorption in Fe II, Mn II, Mg II and Mg I tran-
sitions at the redshift of the galaxy. Zero velocity in each spectral panel
corresponds to the systemic redshift of the galaxy at zgal = 0.6120. A Voigt
profile analysis of the observed Fe II, Mn II, Mg II and Mg I absorption profiles
yields a minimum of 11 individual absorption components and χ2r = 1.1.
The total rest-frame Mg II absorption equivalent width over all observed
components is Wr(2796) = 1.7 ˚A. The absorbing clumps display relative
line-of-sight motions ranging from vlos = +44.9 to vlos = +213.3
km s−1 with respect to the systemic redshift of the galaxy. The absorbing
galaxy is blended with the QSO light. The upper right-hand panel displays
the galaxy after removing the point spread function of the QSO.
The absorbing clumps display relative line-of-sight motions rang-
ing from vlos = +44.9 to vlos = +213.3 km s−1 with respect
to the systemic redshift of the galaxy.
Fig. 6 shows that the cool gas probed by the Mg II absorption
transitions is entirely redshifted with respect to the star-forming disc
with a total line-of-sight velocity spread of ≈170 km s−1. Following
the discussion in Section 4.1, the position angle of the galaxy α =
113◦ from the QSO line of sight requires that the opening angle be
greater than θ0 ≈ 23◦ in order for outflows to be responsible for the
observed absorption features in the QSO spectrum. In addition, the
galaxy has a inclination angle of i0 = 65◦, and therefore the lack of
blueshifted absorbing components constrains the opening angle at
θ0  35◦.
Following the discussion in Section 4.1, we can calculate the
allowed values for the z-height and deprojected velocity of the
outflows from Galaxy C by assuming that the line-of-sight velocity
increases smoothly from z1 to z2. The results are presented in Fig. 7.
Similar to Galaxy A, our calculations show that the outflows from
Galaxy C would be accelerating if θ0  29◦. Beyond θ0 ≈ 29◦, an
absorbing clump at z1 would be moving at a larger velocity than
those at z2 in order to produce the observed line-of-sight velocity
of v1los = +44.9 km s−1. In this case, the outflows would be
decelerating as the gas moves further away from the star-forming
disc. Similar to Galaxies A and B, it is straightforward to show
that if we assume decreasing line-of-sight velocity from z1 to z2,
then the outflows can only be decelerating over the full range of
allowed θ0.
We note that the absorber is a known damped Lyα absorption
system at z = 0.612 with neutral hydrogen column density of
Figure 7. Allowed parameter space for the z-heights (top panels) and de-
projected velocities (bottom panels) of individual absorbing components
observed in Fig. 6 versus allowed opening angle θ0. The minimum and
maximum allowed θ0 are constrained by the relative orientation and align-
ment of the star-forming disc with respect to the QSO sightline. As shown
in Fig. 6, the galaxy is oriented at a position angle of α = 113◦ from the
QSO line of sight. In order for outflows to be responsible for the observed
absorption features in the QSO spectrum, the minimum allowed opening an-
gle is θ0  23◦. In addition, all absorbing clumps are found redshifted from
the systemic redshift of the galaxy. Given that the galaxy has a inclination
angle of i0 = 65◦, the lack of blueshifted absorbing components constrains
the opening angle at θ0  35◦. Assuming an increasing line-of-sight ve-
locity from z1 to z2 leads to acceleration for θ0  29◦ and deceleration for
larger θ0.
log N (H I) = 20.1 ± 0.2 (Pettini et al. 2000). It is likely that a
significant fraction of the observed absorption originates in the star-
forming disc.
4.4 Galaxy D at z = 0.199 in the field
towards Q0827 + 243
Galaxy D in the field around Q 0827 + 243 (zQSO = 0.939) was
spectroscopically identified at zgal = 0.199 by Steidel et al. (2002).
The nearly edge-on galaxy is at projected distance ρ = 48 kpc from
the QSO line of sight. We analysed available HST images of the field
and estimated i0 = 85◦ and α = 86.◦3. The echelle spectra of the QSO
cover a wavelength range that allows observations of Fe II, Mn II,
Mg II and Mg I absorption at the redshift of the galaxy. However, we
detect no trace of absorption features at the redshift of the galaxy
in the QSO spectrum (Fig. 8). We determine a 3σ upper limit to
the Mg II absorption strength of Wr(2796) = 0.01 ˚A. The lack of
absorption features associated with Galaxy D at zgal = 0.199 implies
that large-scale galactic outflows may not exist in this galaxy, despite
a clear dust lane feature along the disc in the high-resolution HST
image (upper right-hand panel of Fig. 8). Alternatively, the opening
angle of the outflows may be small, θ0  4◦, or outflows from the
star-forming disc do not reach out to ∼50 kpc.
A second edge-on galaxy is seen at ρ = 38 kpc and zgal = 0.526.
This galaxy has been studied in detail by Steidel et al. (2002) and
Chen et al. (2005). The major axis of this galaxy is oriented directly
towards the QSO line of sight with α = 0. We therefore exclude the
galaxy from the study presented here.
C© 2012 The Authors, MNRAS 424, 1952–1962
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
Empirical constraints of supergalactic winds 1959
Figure 8. Absorption properties of Galaxy D at zgal = 0.199 in the field
around QSO Q0827+243. The image in the upper right-hand panel shows
a nearly edge-on galaxy at ρ = 48 kpc. No absorption feature is detected
at the redshift of the galaxy in the QSO spectrum. We measure a 3σ upper
limit to the Mg II absorption strength of Wr(2796) = 0.01 ˚A.
5 D ISC U SSION
Under the hypothesis that Mg II absorbers found near the minor axis
of a disc galaxy originate in the cool phase of supergalactic winds,
we have carried out a study to constrain the properties of large-scale
galactic outflows at redshift zgal  0.5 based on the observed relative
motions of individual absorbing clouds with respect to the positions
and orientations of the absorbing galaxies. We have identified in the
literature four highly inclined disc galaxies located within 50 kpc
and with the minor axis oriented within 45◦ of a background QSO
sightline. Deep HST images of the galaxies are available for accu-
rate characterizations of the optical morphologies of the galaxies.
High-quality echelle spectra of the QSO members are also available
in public archives for resolving the velocity field of individual ab-
sorption clumps. All but one of the four galaxies in our study exhibit
a strong associated Mg II absorption feature with Wr(2796)  0.8 ˚A
at ρ = 8−34 kpc. If supergalactic winds are present in all star-
forming galaxies, then the absence of Mg II absorber to a 3σ upper
limit of Wr(2796) = 0.01 ˚A at ρ = 48 kpc around the non-absorbing
galaxy (D) indicates that either the opening angle of the outflows is
small, θ0  4◦, or outflows from the star-forming disc do not reach
out to ∼50 kpc.
Combining known morphological parameters of the galaxies such
as the inclination (i0) and orientation (α) angles of the star-forming
discs, and resolved absorption profiles of the associated absorbers
at <35 kpc away, we have explored the allowed parameter space for
the opening angle θ0 and the velocity field of large-scale galactic
outflows as a function of z-height, v(z), from each disc galaxy. In
this section, we discuss the implications of our analysis.
5.1 Kinematics of supergalactic winds
The results of our analysis presented in Section 4 show that the
observed absorption signatures of the Mg II doublets and the Fe II
series are compatible with the absorbing gas being either accelerated
or decelerated (Figs 3, 5 and 7) for different ranges of the opening
angle of the outflows. We summarize the allowed parameter space
for accelerated outflows in Table 2, which lists for each galaxy
the observed range of relative line-of-sight velocities of individual
absorbing components with respect to the systemic velocity of the
galaxy (vlos), the range of opening angle (θ0) over which the
observed velocity spread can be explained by accelerated outflows,
the corresponding range of z-height above the star-forming disc (z1)
where the QSO sightline enters the accelerated outflows (Fig. 1),
the corresponding range of z2 where the QSO sightline exits the
outflows and the corresponding ranges of outflowing velocities at
z1 (v1) and z2 (v2).
As described in Section 4, our calculations are based on the as-
sumption that the outflow velocities follow a smooth gradient with
the distance from the star-forming disc, which allows us to project
the observed velocity components to the appropriate z-heights in the
conical outflow model. Assuming that the observed line-of-sight ve-
locity increases with the z-height, Table 2 shows that acceleration is
valid only for a limited range of θ0 for galaxies A and C. Beyond the
maximum allowed angle in each of the galaxies, the outflowing gas
at z1 would have to move faster than those at larger z-heights in or-
der to reproduce the small projected velocity found along the QSO
sightline. The outflows would be decelerating, instead of accelerat-
ing. For galaxy B, the upper bound for θ0 remains unconstrained,
but the inferred z-height blows up to unphysically large values at
θ0 = 78◦.
We present in Fig. 9 the observed velocity field versus z-height
above the star-forming disc of each galaxy for a set of θ0 that cover
the full range of allowed θ0 as summarized in Table 2. It is clear
that for a significant fraction of allowed θ0, the inferred velocity
gradient is extreme. A few per cent gain in z-height would result
in increasing outflow velocity by more than 100 per cent, further
narrowing down the range of reasonable θ0 that would yield a more
physical acceleration field.
For comparison, we consider model predictions by Murray et al.
(2011, hereafter M11), who presented an analytical model for
launching large-scale galactic winds. These authors showed that
radiation pressure from the most massive star clusters in the disc
can clear holes in the disc, allowing subsequent supernova ejecta to
escape the disc. As the outflowing material is lifted above the disc,
the combined influence of the radiation and ram pressure forces
from multiple star clusters would then accelerate the winds further
out to several tens of kpc away from the disc.
M11 provided model predictions for different types of galaxies,
including M82, the Milky Way and luminous starburst galaxies at
z ∼ 2. For each galaxy type, the authors considered the effect of
different physical parameters on the kinematics of outflowing gas,
including the ram pressure drag force due to the hot supernova winds
and the mass of super star clusters. Given that the galaxies in our
Table 2. Allowed parameter space for accelerated outflows.
v los θ0 z1 z2 v1 v2
Galaxy (km s−1) (◦) (kpc) (kpc) (km s−1) (km s−1)
A [−54.8, −143.7] [6.5, 9.8] [34.7, 33.5] [34.7, 36.1] [200, 358] [524, 361]
B [+42.2, −147.2] [38.2, 78.0] [18.5, 10.3] [20.2, 240.2] [286, 46] [289, 147]
C [+44.9, +213.3] [23.0, 28.9] [7.8, 7.0] [8.5, 9.9] [118, 297] [402, 297]
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Figure 9. Comparisons between the deprojected outflow velocities as a
function of z-height v(z) observed around star-forming discs and model
predictions for accelerated outflows. For each galaxy, we present the velocity
range and the corresponding z-height in the large-scale outflows for a set of
θ0 that cover the full range of allowed θ0 as summarized in Table 2. Each
set of data points is labelled by the corresponding θ0. It is clear that for a
significant fraction of allowed θ0 the inferred velocity gradient is extreme,
increasing outflow velocity by more than 100 per cent for only a few per cent
gain in z-height. We adopt model predictions from Murray et al. (2011), who
calculated the velocity field of supergalactic winds driven by the radiation
and ram pressure forces from a stellar cluster of 106 M	 in an M82-like
galaxy. The dot–dashed curves are for different feedback efficiencies β,
where  is the fraction of the supernova luminosity that is thermalized to
produce a hot phase and β is the mass-loading factor limited within the
range, 1 ≤ β ≤ 17. In the absence of a ram pressure drag force, the predicted
velocity field is shown in the solid curve with β = 0. We find that for
every galaxy the Murray et al. model can explain the observations for only
a narrow range of θ0 where the inferred acceleration is minimal. Namely,
θ0 ≈ 10◦ for galaxy A, θ0 ≈ 38◦ for galaxy B and θ0 ≈ 29◦ for galaxy
C. At these specified opening angles, the feedback efficiency is small with
β  0.01.
sample are subL∗ galaxies (Table 1), we will focus our comparisons
on the M82-like models.
Specifically, we adopt the predicted velocity field from M11 for
large-scale galactic outflows that are driven by the combined influ-
ence of the radiation and ram pressure forces of a super star cluster
of 106 M	 in an M82-like galaxy. The dot–dashed curves in Fig. 9
indicate the predictions for different feedback efficiencies β, where
 is the fraction of the supernova luminosity that is thermalized to
produce a hot phase and β is the mass-loading factor limited within
the range, 1 ≤ β ≤ 17. In the absence of a ram pressure drag force,
the predicted velocity field is represented by the solid curve in Fig. 9
with β = 0.
Fig. 9 shows that in order for the M11 model to be consistent
with observations, the allowed θ0 are further reduced to a narrow
range, where the inferred acceleration is minimal. Namely, θ0 ≈
10◦ for galaxy A, θ0 ≈ 38◦ for galaxy B and θ0 ≈ 29◦ for galaxy C.
At these specified θ0, the observations also favour a small feedback
efficiency with β  0.01.
The narrow range of favoured θ0 from the model comparisons
in Fig. 9 is understood by the expected decline of the radiation and
ram pressure forces at distances beyond 1 kpc (fig. 2 in M11). To
characterize the declining acceleration as a function of z-height,
we consider a power-law model following the parametrization of
Steidel et al. (2010) (see also Veilleux et al. 1994, who adopted a
similar parametrization),
a(z) = Az−α. (6)
If we designate zmin as the launch z-height of supergalactic winds,
then we can recast equation (6) in terms of the outflows velocity
field as
v(z) =
(
2 A
α − 1
)1/2 √
z1−αmin − z1−α. (7)
Steidel et al. (2010) found that the acceleration model defined in
equations (6) and (7) with α = 1.15−1.95 and zmin = 1 kpc can
reproduce the blueshifted self-absorption of low-ionization transi-
tions found in luminous starburst galaxies at zgal = 2–3.
To explore the power-law index α and launch radius zmin ap-
propriate for describing the accelerated outflows in our sample in
Fig. 9, we consider two specific cases for galaxy C at ρ = 7.9 kpc.
As summarized in Table 2, the allowed opening angle of acceler-
ated outflows in this galaxy is θ0 = 23◦–28.◦9. Fig. 10 displays the
derived v(z) for θ0 = 28.◦8 and θ0 = 28◦. At θ0 = 28.◦8, the conical
outflow model expects that the QSO sightline probes outflowing
gas from z1 = 7.9 to z2 = 11.2 kpc with little change in the out-
flow velocity. At θ0 = 28◦, the conical outflow model expects that
the QSO sightline probes outflowing gas from z1 = 7.9 to z2 =
11 kpc with the outflow velocity increasing from v1 = 255 to v2 =
305 km s−1.
Figure 10. Examples to illustrate the appropriate power-law model for
characterizing accelerated outflows inferred for our sample galaxies. We
consider two specific cases for galaxy C at ρ = 7.9 kpc. As summarized in
Table 2, the allowed opening angle of accelerated outflows in this galaxy is
θ0 = 23◦–28.◦9. The plot shows the derived v(z) for θ0 = 28.◦8 and 28◦. In
order to reproduce the constant velocity field at z ≈ 10 kpc for an opening
angle of θ0 = 28.◦8, the acceleration model formulated in equations (6) and
(7) should have a steep power-law index of α = 3 for a launch radius of
zmin = 1 kpc. To reproduce the large velocity gradient implied by a slightly
smaller opening angle θ0 = 28◦ requires a launch radius of zmin = 3.8 kpc
for a shallower power-law index α = 1.5 that is more typical of what is
found in zgal = 2–3 starburst galaxies (Steidel et al. 2010). For smaller θ0,
the velocity gradient steepens (Fig. 9). While the shallower power-law index
is a viable solution, the launch radius would approach zmin ≈ 7.5 kpc. By
analogy, we conclude that adopting a shallower power-law index α  2 for
characterizing the accelerated outflows in galaxies A and B (Fig. 9) would
require a launch radius zmin  20 kpc.
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Table 3. Allowed parameter space for decelerated outflows.
v los θ0 z1 z2 v1 v2
Galaxy (km s−1) (◦) (kpc) (kpc) (km s−1) (km s−1)
A [−54.8, −143.7] [9.8, 17.3] [33.5, 32.1] [36.1, 37.9] [361, 5085] [361, 270]
[−143.7, −54.8] [6.5, 17.3] [34.7, 32.1] [34.7, 37.9] [525, 13335] [200, 103]
B [+42.2, −147.2] [35.2, 38.2] [19.0, 18.5] [20.6, 21.2] [4320, 291] [390, 290]
[−147.2, +42.2] [35.2, 78.0] [19.0, 10.3] [20.6, 240.2] [15070, 160] [112, 42]
C [+44.9, +213.3] [28.9, 34.8] [7.0, 6.4] [9.9, 11.1] [297, 7708] [298, 262]
[+213.3, +44.9] [23.0, 34.8] [7.8, 6.4] [8.5, 11.1] [559, 36617] [85, 55]
Following the acceleration model formulated in equations (6)
and (7), to reproduce the constant velocity field at z ≈ 10 kpc for
an opening angle of θ0 = 28.◦8 requires a steep power-law index
of α = 3 for a launch radius of zmin = 1 kpc. To reproduce the
large velocity gradient implied by a slightly smaller opening angle
θ0 = 28◦ requires a launch radius of zmin = 3.8 kpc for a shallower
power-law index α = 1.5 that is more typical of what is found in
zgal = 2–3 starburst galaxies (Steidel et al. 2010). As summarized
in Table 2, the allowed opening angle of galaxy C for accelerated
outflows can be as small as θ0 = 23◦. For θ0 = 23◦, the shallower
power-law index is a viable solution but the launch radius needs to
increase to zmin ≈ 7.5 kpc. By analogy, we conclude that adopting
a shallower power-law index α  2 for characterizing the acceler-
ated outflows in galaxies A and B would require a launch radius
zmin  20 kpc.
In summary, we have shown that acceleration is only possible
for a limited range of θ0, if we project the velocity components
to the appropriate z-height assuming that the observed line-of-sight
velocity increases with z-height. Under an acceleration scenario, the
observations favour a narrow range of model parameters such as β
 0.01, and α ≈ 3 for zmin = 1 kpc or α ≈ 1.5 for zmin  4 kpc. For
θ0 outside of the range summarized in Table 2, we have shown that
the gas would be decelerating, because a larger speed is required
at smaller z-height in order to reproduce the small projected ve-
locity along the QSO sightline. In addition, if we adopt an inverse
mapping between the line-of-sight velocity and z-height, namely
if the observed line-of-sight velocity decreases with increasing
z-height, then the outflows would only be decelerating over the
full range of allowed θ0. It is clear that the allowed parameter space
for decelerated outflows is significantly broader than what is shown
in Table 2, but Figs 3, 5 and 7 have shown that beyond certain
θ0 the deprojected velocity in the outflows exceeds 1000 km s−1 at
z > 10 kpc which also seem unphysical. A summary for decelerated
outflows is presented in Table 3.
5.2 Implications for the origin of supergalactic winds
We have shown that combining known inclination (i0) and orien-
tation (α) angles of the star-forming discs and resolved absorp-
tion profiles of the associated absorbers at projected distances
ρ = 8−35 kpc, we can derive strong constraints for the opening
angle θ0, the velocity field of large-scale galactic outflows v(z)
which leads to constraints for the supernova feedback efficiency β
 0.01, and the acceleration parameters α and zmin. Here we exam-
ine whether these parameter constraints are reasonable and discuss
their implications.
First, we consider the allowed opening angle θ0 for accelerated
outflows. Table 2 shows that with the exception of galaxy B, for
which the upper bound of θ0 remains unconstrained, both galaxies
A and C are constrained to have θ0 < 10◦ and θ0 < 30◦, respectively,
for the outflows probed by Mg II and Fe II absorption transitions.
These allowed values of θ0 are smaller than the typical opening
angle of 2 θ0 ≈ 60◦–135◦ seen in nearby starburst galaxies (e.g.
Veilleux et al. 2005). The discrepancy can be understood, if there
exist a tilt or asymmetries around the minor axis in the outflows
(e.g. Shopbell & Bland-Hawthorn 1998; Sugai, Davies & Ward
2003), in which case the opening angle of the outflows in our
galaxies may be bigger. In addition, we note that these constraints
are derived for Mg II absorbing gas which presumably traces the cool
phase of supergalactic winds. Hot galactic winds can be more wide
spread than the cool clumps. Numerical simulations have shown that
cool clouds embedded in a supersonic wind are broken up to form
elongated filamentary structures (Cooper et al. 2009). The small θ0
found in our study may be understood, if the Mg II absorbers are
produced in these elongated filaments.
Next, we consider the constraint for supernova feedback effi-
ciency β  0.01. Recall that in the M11 model,  is the fraction
of the supernova luminosity that is thermalized to produce a hot
phase and β is the mass-loading factor which by definition must be
β > 1. The constraint we found therefore requires the efficiency of
thermal energy input from supernova explosion to be  < 0.01. This
is significantly smaller than both the thermalization efficiency esti-
mated for M82 (0.3 ≤  ≤ 1) by Strickland & Heckman (2009) and
those found in numerical simulations (e.g.  ≈ 0.2 from Thornton
et al. 1998). We note, however, that the model is only compatible
with the observations for a special value of θ0 in each case. A sig-
nificant fraction of the allowed θ0 would yield a steeper velocity
gradient, increasing velocity at larger z-height, which is incom-
patible with the expectations of the model. Such discrepancy sug-
gests that if the gas is being accelerated, then additional forces are
necessary.
Finally, we consider the constraints for the power-law accelera-
tion field. We have shown that the inferred v(z) for different allowed
θ0 under an acceleration scenario requires that either the superwinds
are launched close to the star-forming disc with zmin = 1 kpc but
a steeply declining acceleration a(z) ∝ z−3 or they are launched at
large distances with zmin  4 kpc and a(z) ∝ z−1.5. The latter applies
for most allowed θ0. Other mechanisms for launching supergalac-
tic winds include cosmic ray pressure (e.g. Pfrommer et al. 2007;
Everett et al. 2008), but whether or not cosmic rays can explain a
launch z-height beyond 4 kpc is unclear.
In summary, we have considered in detail the scenario of ac-
celerated outflows for explaining the observed gas kinematics of
strong Mg II absorbers. We have derived the first empirical con-
straints for supergalactic winds at zgal  0.5 that can be compared
directly with model predictions. Our analysis has uncovered an in-
teresting parameter space that is largely incompatible with current
models for driving accelerated outflows on galactic scales. Decel-
erated outflows can explain the observed velocity field, but the
inferred velocity gradients (see Table 3) are significantly steeper
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than expected from momentum-driven wind models (e.g. Dijkstra
& Kramer 2012).
A competing scenario is that some or all of the absorbing gas
originates in infalling halo gas or a larger corotating disc. Unfortu-
nately given the large degree of freedom in the spatial distribution
and trajectory of infalling clouds, we cannot place meaningful con-
straints on the infall velocity field. On the other hand, Lanzetta &
Bowen (1992) have demonstrated that absorption-line systems trac-
ing corotating discs are expected to exhibit an ‘edge-leading’ profile
with the peak absorbing component occurring at the largest velocity
offset and declining absorbing strength towards the systemic veloc-
ity of the absorbing galaxy. Given that none of the galaxy-absorber
pairs in our sample shows such edge-leading profiles, we can rule
out the scenario of the absorbing gas following an organized rotation
motion around the central galaxy.
Finally, given available observations of QSO absorption-line sys-
tems at low redshifts [the Cosmic Origins Spectrograph (COS)-
Halos survey – e.g. Tumlinson et al. 2011], we expect that a similar
analysis like the one presented in this paper can be conducted for
a larger sample of galaxies for which HST images are available. In
particular, the UV spectra obtained by the COS cover both high-
and low-ionization transitions (e.g. Si II, C IV and O vi) which offer
additional constraints for the kinematics of the hot circumgalactic
medium over a range of stellar masses and star formation histories.
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